Abstract. The purpose of this research was to investigate the physical characteristics and crystalline structure of bis(p-fluorobenzyl)trisulfide, a new anti-tumor agent. Methods used included X-ray single crystal diffraction, X-ray powder diffraction (XRPD), Fourier-transform infrared (FT-IR) spectroscopy, differential scanning calorimetric (DSC) and thermogravimetric (TG) analyses. The findings obtained with X-ray single crystal diffraction showed that a monoclinic unit cell was a=12.266(1) Å, b=4.7757 (4) Å, c=25.510(1) Å, β=104.25(1)°; cell volume=1,448.4(2) Å 3 , Z=4, and space group C2/c. The XRPD studies of the four crystalline samples, obtained by recrystallization from four different solvents, indicated that they had the same diffraction patterns. The diffraction pattern stimulated from the crystal structure data is in excellent agreement with the experimental results. In addition, the identical FT-IR spectra of the four crystalline samples revealed absorption bands corresponding to S-S and C-S stretching as well as the characteristic aromatic substitution. Five percent weight loss at 163.3°C was observed when TG was used to study the decomposition process in the temperature range of 20-200°C. DSC also allowed for the determination of onset temperatures at 60.4(1)-60.7(3)°C and peak temperatures at 62.1(3)-62.4 (3)°C for the four crystalline samples studied. The results verified that the single crystal structure shared the same crystal form with the four crystalline samples investigated.
INTRODUCTION
The novel pharmacophores discovered from natural sources (1-3) have been playing an important role for modern drug discovery in combination with computer-aid drug design, combinatorial and medicinal chemistry efforts (4) (5) (6) (7) (8) . Over 50% of the anticancer drugs currently used are either natural products or derived from natural products (9, 10) . The clinical successes of taxanes, alkaloids and other types of natural products promoted us to search for new medicines from natural sources (11, 12) . Dibenzyl trisulfide has been recently discovered as a new antitumor lead compound (13, 14) , and it was isolated from a subtropical shrub Petiveria alliacea L., a member of Phytolaccaceae family (15) . The herb medicine Anamu or Apacin, prepared from Petiveria alliacea, has been used in Caribbean, Latin America, West Africa and other regions for hundreds of years to treat pains, flu, inflammation, tumor, bacteria, fungi and other diseases (16) . This initial lead was further optimized to an advanced lead, bis(p-fluorobenzyl)trisulfide, which exhibits broad cellular antitumor activities (13, 14) . Systematic preclinical studies of bis(p-fluorobenzyl)trisulfide at ACEA Biosciences provided an investigational new drug (IND) candidate, fluorapacin, as an antimitotic agent.
Fluorapacin is a small molecule natural product derivative and represents a new and unique structural series (Fig. 1) . The structure of fluorapacin has been elucidated by UV-VIS, MS, 1 H, 13 C and 19 F NMR spectroscopic and combustion analyses (13) . A drug with identical composition may have different physical properties and stability, which could also affect the bioavailability, efficacy and toxicity profiles (17) (18) (19) (20) . Since the properties of the solid state for a given drug may be extremely relevant for its quality, the International Conference of Harmonization (ICH) requires a polymorphic study for new active pharmaceutical ingredients (APIs; 21). Therefore, further crystal structure determination is still critical to develop fluorapacin into a new antitumor medicine. The structural characterization of drug substances by X-ray diffraction plays a central role during the development of pharmaceuticals (17) (18) (19) (20) (22) (23) (24) . Single crystal X-ray diffraction provides detail structural information, while X-ray powder diffraction is a powerful tool in identifying different crystal phases and verifying the equivalence of different crystallines based on their unique diffraction patterns. The simulated diffraction, established based on the single crystal structure information, can be used to verify and support a specific powder diffraction pattern of a drug as being truly representative of a single phase (18) . Therefore, it is important to investigate the solid-state properties and structure of At present, the crystal structure of the drug candidate fluorapacin was characterized by X-ray single crystal diffraction. The spectroscopic and thermal properties of crystalline fluorapacin were studied by differential scanning calorimetry (DSC), thermogravimetry (TG) and infrared spectroscopic analyses. The different crystallines obtained from different solvents were further investigated using X-ray powder diffraction to warrant the therapeutic and safety profiles of fluorapacin. The combined results obtained utilizing these thermal analytical and crystallographic technologies verified the high quality, single phase of drug substance fluorapacin.
MATERIALS AND METHODS
The batch L0014 bis(p-fluorobenzyl)trisulfide, fluorapacin, was synthesized with an HPLC purity of 99.86% according to our reported procedure (13) , and was used for the preparation of single crystal and other crystalline samples through recrystallization from different solvents. Solvents were used as purchased without further purification. Fluorapacin was recrystallized from anhydrous ethanol, n-hexane, ethyl acetate and acetone providing white crystalline samples 14-1, 14-2, 14-4 and 14-6, respectively. These samples were used for FT-IR, differential scanning calorimetry, thermogravimetry and X-ray powder diffraction (XRPD) studies.
Slow evaporation of the solvent from a solution of fluorapacin in anhydrous ethanol provided colorless single crystals. A colorless crystal with approximate dimensions of 0.50×0.37×0.11 mm was measured using an area detector on a Rigaku R-AXIS-RAPID diffractometer with graphite monochromated Mo-Kα radiation (λ=0.71069 Å). A total of 6656 data points were collected, of which 1,655 were unique. Data reduction was performed with CrystalStructure (25). The crystal structure was solved with direct methods using SIR97 (26) program and refined on F 2′ s anisotropically by a full-matrix, least-squares method using the CRYSTALS program (27) . Anisotropic displacement parameters for nonhydrogen atoms were applied. Hydrogen atoms were placed at the metrically calculated positions and were refined isotropically using a riding mode. The results show that the crystal belongs to monoclinic with a space group of C 2/c, having cell parameters a=12.266(1) Å, b=4.7757(4) Å, c= 25.510(1) Å, beta=104.25(1)°, and Z=4. The final results were R1=0.0311 [I>2(I)], wR=0.0851 (for all data), the goodness of fit ref=1.010 with a shift/su max=0.0000, the remnants density max=0.35 and min=−0.30.
The X-ray powder diffraction spectra were collected on a Rigaku D/Max-2500 powder diffractometer, using CuKα (λ for Kα=1.54059 Å) radiation at 40 kV and 200 mA. The scans were run from 3.0 to 50.0°2θ, with an increasing step size of 0.02°and counting time duration of 0.5 s for each step. Data were processed using the MDI-Jade version 7.0 software. Melting points were measured using an X-6 microscopic melting point apparatus. FT-IR spectra were recorded from potassium bromide disks prepared with each crystalline sample on a VECTOR-22 FT-IR spectrophotometer in the scan range of 4,000-400 cm . Approximately 4-7 mg powder samples of 14-1, 14-2, 14-4 and 14-6 were used for differential scanning calorimetry (DSC) and thermogravimetry (TG) analyses. The DSC analysis was performed on a TA DSC Q100 differential scanning calorimeter at the heating rate of 10°C /min under a nitrogen flow of 50 cm 3 /min. A temperature range of 35-100°C was scanned. The DSC temperature axis was calibrated in an aluminum pan with indium standard sample (melting point 156.6°C, heat of fusion 28.45 J/g). The samples were equilibrated at 25°C and heated to 300°C at a heating rate of 10°C/min under a nitrogen flow /min. The calibrated temperature accuracy was ±0.02°C, and the calorimetric accuracy for the heat of fusion was ±0.11%. The thermogravimetry (TG) analyses were conducted with a TA SDT Q600 thermogravimetric analyzer at the heating rate of 10°C/min under a nitrogen flow of 120 cm 3 /min. A temperature range of 20-200°C was scanned. The TG temperature axis was calibrated in alumina pans with standard samples indium (melting point 156.6°C), zinc (melting point 419.5°C) and gold (melting point 1,063°C) for three temperature points. The samples were equilibrated at 25°C and heated to 1,200°C at a heating rate of 10°C/min under a nitrogen flow of 120 cm 3 /min. The calibrated temperature accuracy was ±1.5°C. Standard α-Al 2 O 3 poises were used for weight calibration, and the weighing accuracy was ±0.05%.
RESULTS AND DISCUSSION

Crystal Structure and XRPD
The structure of fluorapacin (Fig. 1) has been characterized by various spectroscopic and elemental analyses (13) . The crystal structure of fluorapacin was determined by X-ray single crystal diffraction. The structural parameters and crystallographic information for fluorapacin are listed in Tables I and II (Fig. 2) . The bond angle of S1-S2-S1
i (i symmetric code: 1−x, y, 1/2−z) is 104.6(1)°. Atoms S1 and S2 deviate from the phenyl plane, and the torsion angle of C4-C7-S1-S2 is 73.01(14)°. Two phenyl rings in the molecule are almost perpendicular to each other, forming a dihedral angel of 95.8 (3)° (Table II and Fig. 2 ). In the crystal, centrosymmetric dimers R ii (ii symmetric code: 1/2−x, −1/2−y, −z), linking the molecules into an infinite chain (Fig. 3) . The molecules are aligned along the c axis and packed along the b axis, forming a ladder as shown in Fig. 4 . X-ray powder diffraction (XRPD) represents the most reliable methodology for the crystallographic characterization of drug substances. Powder diffraction can generally be used to verify the equivalence of different crystalline samples by their fingerprint type of unique diffraction patterns. The powder diffraction studies of fluorapacin indicated that the four crystalline samples obtained from four different solvents had nearly identical characteristic diffraction pattern (Fig. 5) , and showed an identical morphological form for the tested crystalline samples. The crystal structure information obtained was utilized to further verify the conclusions obtained from powder diffraction results. Therefore, the single crystal sample, used for X-ray single crystal diffraction studies, was used for further X-ray powder diffraction investigation. The powder diffraction pattern is shown in Fig. 6 (bottom diffractogram) . The crystal structure data obtained from the X-ray single crystal diffraction was used to calculate the diffraction pattern (see top pattern in Fig. 6 ). The results clearly indicated that the experimental XRPD pattern (bottom diffractogram, Fig. 6 ) was nearly identical as those of other samples (Fig. 5) . In addition, it is also in an excellent agreement with the simulated diffraction pattern (top pattern, Fig. 6 ) calculated based on crystal structure data.
FT-IR Spectrometry, Differential Scanning Calorimetry and Thermogravimetry
The crystalline samples 14-1, 14-2, 14-4 and 14-6 were also studied utilizing infrared spectroscopic, DSC and TG analytical methods to understand the physical and thermal properties of fluorapacin. These crystalline samples have nearly identical appearance and melting point (see Table III ). Their infrared spectra are identical in the range of 4,000-400 cm −1 (Fig. 7) . The strong absorption band at 1,234 cm are characteristic υ C-S and υ S-S stretching vibrations. The structure of fluorapacin was confirmed by these characteristic Fig. 5 . X-ray powder diffraction patterns of fluorapacin samples crystallized from four different solvents. 14-1 (from ethanol), 14-2 (from n-hexane), 14-4 (from ethyl acetate), 14-6 (from acetone) The four crystalline samples of fluorapacin obtained from different solvents were analyzed by differential scanning calorimetry (DSC) and thermogravimetry (TG) to evaluate their thermal properties. The DSC diagrams of the samples in 35-100°C exhibited an endothermic peak at the melting temperature (Table III, Fig. 8 ). Their onset temperature ranged from 60.6-60.7°C, and the endothermic peak temperature, ranged as 62.1-62.4°C. The melting point data was confirmed by using a melting point apparatus (Table III) . Except for the endothermic peak corresponding to the melting temperature, the DSC diagrams did not show other thermal events due to possible loss of solvent, oxidative degradation or other phase transition processes. All four samples provided nearly identical TG diagrams in the 20-200°C range although they showed low thermal stability with about 5% weight loss at 163.3°C. Figure 8 shows the representative DSC and TG diagrams of the crystalline sample 14-1 obtained from ethanol. Other three samples, 14-2, 14-4 and 14-6, showed nearly identical DSC and TG diagrams (Data not shown). Therefore, the DSC and TG analyses indicated that the four crystalline samples, from different solvents, had the same thermal properties and were not solvated.
CONCLUSIONS
Based on the physical and spectroscopic properties, thermal analyses, and X-ray powder diffraction results obtained above, it was concluded that the four crystalline samples of fluorapacin obtained from four different solvents represented the same crystal form of fluorapacin, and the crystal structure of this stable crystal form was also verified by X-ray crystallography. Therefore, the crystalline form of the drug substance fluorapacin should provide reliable and consistent results during development studies of this new antimitotic agent. These Fig. 8 . Typical DSC and TG diagrams of fluorapacin (crystalline 14-1 from ethanol) Fig. 7 . Solid-state infrared spectra of fluorapacin crystalline samples 14-1, 14-2, 14-4 and 14-6 (in the order from top to bottom)
